Abstract-The most energy-consuming applications in battery life-constrained smartphones are the ones that comprise data transmission, especially via the 3G interface. Scheduling download activities on smartphones is especially necessary, if there are multiple asynchronous downloads scattered over a long duration. The latter scenario highly increases the energy consumption of smartphones. In this paper, we investigate energy consumption with the focus on file downloading while scheduling multiple file downloads in two scenarios: serialized and parallel. We repeat the experiments on a single smartphone via its 3G and also via WiFi tethering via another smartphone. We assess the performance of the two scenarios via measurement of power consumption and corresponding download duration in a realistic environment.
I. INTRODUCTION
Smartphones are used in everyday life anywhere and anytime, as they have become incubators for ubitiquos computing. The limitations of the battery, however, restrict the usage of smartphones and are seen as a possible drawback stopping the growth of mobile computing and thus prohibiting its widespread adaption [1] . In parallel, as the battery life constrains the service time of the applications, energy becomes one of the most important influential factors on the user perceived Quality of Experience (QoE) [2] . Most of the energy is consumed on a smartphone while sending and receiving data over the network, with the clear domination of 3G data module's power consumption [3] .
The amount of data exchanged in-between smartphones and corresponding servers, the used access technology, as well as the timing of data transmission have a significant impact on the overall energy consumption of the smartphone. While using the cellular interface, the smartphone's cellular data module oscillates in-between Radio Resource Control (RRC) states. Low power consuming state, e.g., IDLE, provides basic connectivity. If the data transmission rate increases, RRC state shifts to rather higher power consuming states such as Dedicated Channel (DCH) or Forward Access Channel (FACH) [4] . The oscillation of RRC states are basically caused by the asynchronous data activities of different applications over the cellular data interface. During the RRC state transitions, also due to the necessary signaling overhead, additional transition delays are induced. These additional delays increases the total energy consumption. In addition, during the active (DCH) state of RRC, the available network bandwidth is not fully utilized due to rather low volume data traffic per application. In order to avoid the high number of oscillations amongst the RRC states, it is important to schedule the network data activities of different applications. This is done by scheduling the network data activities such that the RRC state is kept IDLE for a longer period of time, but it is utilized as much as possible while it is fully active, e.g., in DCH state. The scheduling can be done by delaying particular network activities, and performing/clumping them with the late ones. This way, both the overall energy consumption and data transmission duration can be reduced. Hence, it is appealing to transmit data from multiple applications simultaneously and thus reducing the number of state transitions. Multiple Transport Control Protocol (TCP)-based data flows can be transmitted in a serialized or in a parallel manner.
In this paper, we focus on large size file downloading (e.g., downloading videos/documents for later offline usage) on smartphones. We first measure the energy consumption and the download duration when multiple files are downloaded on a smartphone via 3G asynchronously, and then when the downloads are scheduled (e.g., parallel or serialized). Next, we repeat the measurements when the downloads are performed through WiFi tethering via another smartphone. The former measurements help to decide on scheduling if the user wants to download multiple files immediately via the available 3G, at the cost of high energy consumption. The latter measurements help to identify the energy gain when the same files are downloaded via rather low energy consuming WiFi, but at the cost of extra waiting time if the WiFi is not available. We measure the total power consumption via Monsoon power monitoring tool [5] , and the download duration via our download tool in a realistic environment. In the measurements, we involve two different smartphones, and focus on large-sized file downloading from a dedicated file server. The overall download duration and power consumption highly depend on the Domain Name Server (DNS) resolution time (if any), initial TCP three-way handshake time, packet latency, and the available end-to-end network bandwidth. Thus, we break down and study the energy consumption in three different phases. This paper is structured as follows. Brief background knowledge on the power consumption for different wireless access technologies and scheduling of file download activities are explained in Section II. We review the related work in Section III. In Section IV, the testbed and the data collection are discussed in details. The measurement results for different downloading scenarios are given in Section V. The paper is concluded and the future directions are presented in Section VI.
II. CATCHING T H E DOWNLOAD TRAIN
Universal Mobile Telecommunications Systems (UMTS) networks are efficient for large data transfers [6] and the RRC consists of basically three power states. At DCH, if there are no packet transmission, the RRC state demotes from a higher power level to a lower one after some inactivity period, which gives some extra time for transmission of the delayed packets. Each packet that is received or transmitted within this inactivity period resets the inactivity timer. If there is no packet received within the inactivity duration, User Equipment (UE) sends a Signalling Connection Release Indication (SCRI) signal to the Radio Network Controller (RNC), i.e., indicating that the currently assigned radio resources are not needed. The RRC state demotes from DCH to FACH, and then if there is no data activity on the link for another inactivity duration, the RRC demotes to the IDLE state. Still, for large data transfers, WiFi tethering might highly reduce the terminal energy consumption as power consumption of WiFi module is less than the 3G component. WiFi power consumption consist of four different states, e.g., high power, idle, PSM light sleep, and PSM deepsleep, depending on the transmitted and received packets per second [1] . WiFi inactivity timeout is platform specific, and it is much less as compared to 3G.
The sketches for different file downloading scenarios via 3G are given in Fig.1a, Fig.1b, and Fig.1c. Fig.1a depicts the scenario when large sized file downloads are initiated as scattered over a long duration with no scheduling (e.g., asynchronously) on a single smartphone. We break down and study the power consumption within three different phases. The area of the black rectangles represent the total energy consumption on the smartphone during channel allocation via RRC, and establishing a connection with the server. This is referred as Phase 1 throughout this paper. During Phase 1, the three-way handshake takes place after the DNS resolution (if any). If there is no traffic due to the lack of bandwidth, the RRC state keeps at Phase 1 for some duration, which is a waste of energy. Thus, it is preferred to keep the Phase 1 duration as short as possible. Phase 2 starts with arrival of the first TCP segment that contains the file content. Phase 2 energy consumption of different files are represented with gray rectangles. The CPU utilization and the throughput increase as compared to Phase 1, which cause the RRC to stay at DCH state. After the last data packet is received at the smartphone, Phase 2 waits for an extra inactivity period, then the tail phase starts. There is an extra tail duration, comprising an inactivity timer to release the resources in-between the smartphone and the Radio Access Network (RAN). The tail phase, depicted with white rectangles appended to each download in Fig.1a , causes infficient usage of resources if there are multiple scattered requests [7] . For all individual downloads in a smartphone, Phase 1 (black) and the tail phase (white) exist, and thus induce high energy consumption. In Fig.1b , the energy consumption is depicted when multiple file downloads are scheduled in series. As a file download starts immediately after the previous one, the number of Phase 1 and Phase 3 states reduces. Fig.1c depicts the download scenario when multiple files are downloaded in parallel. We refer to the formed energy consumption area, as a result of multiplexing different file download activities, as twodimensional energy train. The length of the train is the sum of phase durations; and the height depicts the corresponding mean power consumption of the phases.
III. RELATED WORK
According to Huang et al. [7] , 10 MB data downloading via 3G and LTE require 34.77 and 1.62 times the energy of WiFi, respectively. In order to reduce the energy consumption on a smartphone, Vergara et al. [8] studied a Cross-Layer Burst Buffering (CLBB) algorithm that schedules the background 3G traffic of a smartphone in order to fully utilize the network link when active and in parallel increase the IDLE duration. SPeeDY (SPDY) [9] is an application-layer protocol developed by Google in order to transport web content with low latency. It is multiplexing HTTP requests in a single TCP connection in order to increase the link utilization. In addition, it is also stated that the power consumption at an experimental mobile hotspot (MH) increases by 23 mW for every 1 Mbps increase in the throughput. Sharma et al. presents an energy-efficient architecture, Cool-Tether [10] in order to utilize the available smartphones with MH's existing Internet access. Blenk et al. studied the tradeoff; while single TCP flows typically do not utilize the available bandwidth on a cellular link due to variable capacities, parallel transmissions yield an increased average transmission duration [11] . In this paper, we consider both the ground truth power measurements and the download durations in the evaluation of energy consumption. Then, we provide energy-efficient recommendations for multiple file downloading depending on the context.
IV. MEASUREMENT METHOD
Energy consumption is a function of the power consumption and duration of a download session. The power consumption and the duration are measured on the smartphone during serialized and parallel downloading in two use cases: (i) via 3G, (ii) via WiFi tethering over another smartphone, MH (see Fig.1d ). In the first use case, D is directly connected to the Internet via Telenor's 3G (HSDPA and HSPA+) SIM card with 6 Mbit/s downlink peak rate. In the second use case, D is connected to the Internet via the MH that uses the same SIM card. MH is a non-rooted Samsung Galaxy S4 with 1.9 GHz CPU running Android v.4.3 (kernel v.3.4); and D is a rooted Samsung Galaxy S with 1 GHz CPU running Android v.4.2.2 (kernel v.3.0). In order to automatize measurements, we developed a download tool for the smartphone to perform the HTTP downloads. For each file download, separate TCP connection (e.g., sockets and threads) are created. We record the ground truth power measurements with the Monsoon power monitoring tool [5] . Tcpdump tool helps to record the data packets during file downloading, however running it on the smartphone induces additional overhead and increases the power consumption. Thus, we have used tcpdump tool to measure only the average Phase 1 duration. Throughout all experiments, the download durations are recorded directly via our download tool. During the experiments, screen brightness is set to minimum, and all irrelevant applications and services are switched off. We created multiple files with exactly the same size and used them during the experiments. The choice of the file size was arbitrary. We wanted to have minimum 30 s download time to distinguish clearly the phases in power consumption. The SIM card used in the experiments allowed up to 6 Mbit/s downlink. Thus, we used 20 MB files in the experiments.
A. Download Duration
The time timestamps when the downloads are initiated and when they are completed, are recorded by our download tool on the local storage, i.e., sdcard, of the smartphone. Accordingly, we calculated the total download duration for the serial and parallel scenarios as the difference between the last and the first timestamps. We divided the total download duration, T download , into two phases. Phase 1 is the initial connection duration, T P1 , i.e., in-between when the first SYN is sent and the first TCP segment with the file content is being received. We recorded the relevant metrics via tcpdump such as the timestamp of the first SYN sent from the smartphone and the timestamp of the first TCP segment containing the content data. Phase 2 duration is calculated as the difference between the total download duration measured by the download tool (T download ) and the Phase 1 duration (T P1 ) measured by the tcpdump. The DNS resolution durations are neglected. The download durations depend on the available link capacity at the "time of the day" of the experiment. In order to minimize this effect, we iterated each experiment for more than 30 times in a random order. For parallel downloading, we have validated that all K downloads are performed simultaneously 98 % of the time. In serialized downloading, we have also validated (via 31 iterations) that the difference between the serialized downloads is in the range 90 ms to 400 ms for 90 % of the time. However, when the file downloads are serialized, i.e., queued, the download completion time of a file depends on the download time of the previous files, except for the first download. Thus, we define the overall processing time as the mean of download completion time of each serialized file, k. The average processing time, for K files in series,T processing is computed as in Eq. 1, where T download is the total download time it takes to download K files.
If the file download is not queued, such as for parallel downloading, requests do not have to wait, thus processing time is equal to the total download time.
B. Power Measurements
Power measurements are conducted using the Monsoon power monitoring tool. Between each experiment, we wait until the RRC state switches to IDLE. Thus, we reduce possible side-effects between the measurements. Firstly, the power consumption of D is measured while downloading the files via the 3G. The power consumption pattern is studied for the three different phases: Phase 1, Phase 2, and tail phase. The tail phase duration is not measured, as this is highly depending on the operating system and network configuration. Thus, we assume the state of the art tail phase duration, 12 s [4] .
The power measurements differ for D and MH while downloading via WiFi tethering. For D, power is consumed by transmitting data via the WiFi interface. Here, we only consider Phase 2 since the other phases are very short and thus their impact is negligable. If there is no data activity, the power consumption drops within significantly shorter time as compared to 3G. For the mobile hotspot, the energy measurements depend on the data sent and received via the WiFi and the 3G interface. Accordingly, all three phases are considered. In order to reduce the measurement error, enough samples are collected, for each download phase, during steady state.
C. Energy Consumption: Downloading via 3G
At a single smartphone, the file downloads are executed for different scenarios on D via the 3G interface: (1) one download, 1S; (2) two files being simultaneously downloaded, 2P; (3) two files being downloaded in a serialized manner, 2S; (4) four files being simultaneously downloaded, 4P; (5) four files being downloaded in a serialized manner, 4S. In serialized downloading, the download tool executes the downloads of K different files in a sequential order. The download of a file immediately starts when the download of the previous file is completed. In parallel downloading, the download tool executes the downloading of the K different files simultaneously. We calculate the total energy consumption for a multiple file downloading scheme via 3G on a single smartphone, D. E total is the total energy consumption during file downloading. "P1", "P2", and "tl" are the subscripts for the power consumption of Phase 1, Phase 2, and the tail phase, respectively.
P tl andT tl are the mean power consumption and the duration of the tail phase, respectively.P P1 is the mean power consumption of the smartphone during Phase 1, andT P1 is the mean duration of Phase 1.T P1 highly depends on the RRC state switching delay from IDLE to DCH.P P2 andT P2 are the mean power consumption and the mean duration at Phase 2 during K downloads. When the downloads are scheduled, there is only one Phase 1, and one tail phase, as they are clumped forming an energy train. All the parameters are measured for serialized and parallel downloading, separately.
D. Energy Consumption: Downloading via WiFi-tethering
The measurements for WiFi tethering were conducted using one smartphone acting as MH, and one acting as D, which actually performs the downloads. MH uses the 3G for Internet access, and in parallel shares its Internet access with D smartphone via WiFi tethering. In this use case, D downloads the files from a dedicated server on the Internet via WiFi tethering over MH that has 3G. We measure the power consumption and the download duration at D and as well as the power consumption on MH on the same scenarios as in Section IV-C, i.e., serialized or 
V. M EASUREMENT RESULTS
We measured the download duration and the power consumption while downloading with respect to a set of scenarios in realistic environment. The collected steady-state power consumption values are normally distributed (R 2 > 0.9). The power consumption is broken down into Phase 1, Phase 2, and the tail phase. Phase 2 and Phase 1, in 3G, have the highest and the least power consumption, respectively.
A. Power Consumption During File Download
First, the power measurements when D downloads files via its individual cellular data interface (3G) are given. Next, we discuss the power measurements during WiFi tethering. The measurements are presented through Table I -II as the 95 % confidence levels are negligibly low (mean: 0.47mW) due to high number of samples (see last columns of the tables).
1) Downloading via 3G:
The measured power consumption values on D for different file downloading scenarios via the 3G interface are given in Table I . In the table, from left to right, the mean, standard deviation, minimum, maximum of the power consumption values, and the corresponding number of samples at each scenario are given. The power consumption values at Phase 1 and at the tail phase are given at rows 1 − 2, respectively, which are lower than the Phase 2 power consumption values as presented at rows 3 − 7. Row 3 shows the power consumption when there is only one download (1S). In rows 4 − 5, which belong to the serialized downloading, no significant difference in the power measurements are observed when different number of files are scheduled. This is expected as there is only one established TCP connection at a time during downloading. On the other hand, when the downloads are executed in parallel, the power consumption slightly increases with the number of simultaneous downloads as given in rows 6 − 7. In these scenarios, the number of established connections at a time is equal to the number of simultaneous downloads, i.e., threads. Thus, we believe that the power consumption increases with the CPU utilization and the increased throughput.
2) Downloading via WiFi Tethering:
The measured power consumption values of D for the same scenarios, while downloading exactly the same file via WiFi tethering over MH's 3G interface, are presented in Table I in rows 8 − 10. D uses the WiFi interface, and the power consumption values are reduced as compared to using the 3G interface. When the downloads are executed in parallel, slight increase in the power consumption values is observed. However, this gives an extra overhead to MH. Next, we present the power consumption values on MH. , P1  1153  167  703  2370  275014  2  3G, Tail  1276  86  1063  2217  312511  3  3G, 1S, P2  1496  283  1003  3597  1300008  4  3G, 2S, P2  1508  298  1006  3799  1550004  5  3G, 4S, P2  1514  313  955  3928  3500005  6  3G, 2P, P2  1662  354  931  3717  1950007  7  3G, 4P, P2  1956  409  1114  4077  3150007  8  WiFi tether, 1S  957  240  386  2950  1575017  9 WiFi 
3) Impact of WiFi Tethering on MH:
The power consumption values measured at MH during different WiFi tethering scenarios are given in Table II . Phase 1 and the tail phase power consumption values are given in rows 1−2, respectively. Rows 3 − 5 present the power consumption values when the WiFi tethering on MH is switched OFF, switched ON, and D is connected (without download), respectively. Rows 6 − 8 present the Phase 2 power consumption values when D is downloading a single file, two files in parallel, and four files in parallel, respectively. There is a significant difference in power consumption in-between the scenarios when the WiFi tethering is enabled or not. However, there is no significant difference if the D smartphone is connected or not given that D does not download data. The power consumption of MH increases with the number of concurrent downloads.
B. Download Durations
We first cleaned the measurement data from a few outliers that were confirmed as measurement errors. The cleaned Phase 1 duration dataset comprises 31 iterations. Phase 1 duration is calculated as 4.6 s ± 0.3 s with 95 % confidence level. The duration of a single file download via 3G is given in the first row of Table III. The mean, standard deviation, minimum, maximum of the parallel download durations via 3G on D for two parallel (2P), and four parallel (4P) are given in the second and third rows of Table III , respectively. The download duration increases with the number of concurrent downloads on a single smartphone. The total download duration, during both the two serial and four serial download scenarios, are given in the fourth and fifth rows of Table III . We applied oneway Anova test on the individual download durations during two and four serial downloading as the download durations are normally distributed (R 2 =0.98). We conclude that there is no difference in-between the download durations (p>0.005) of each file during serialized downloading. The total download duration for serialized file downloading via the 3G interface is less than the total download duration for parallel downloading. For parallel downloading, this indicates that the available link is too much utilized, with high number of TCP connections at a time, causing packet losses and retransmissions. Phase 2 Fig. 2a together with the upper 95 % confidence levels. There is no queuing in parallel downloading, but the download time is higher. Thus, the average processing time is 33 % and 26 % higher than in serialized downloading, when two and four files are scheduled, respectively.
Based on the power and download duration measurements, the calculated energy consumption values are given in Fig. 2b together with the 95 % confidence levels. The energy consumption when two and four files are downloaded without scheduling are depicted with 2x1S and 4x1S on the x-axis of Fig. 2b , respectively. Energy consumption is reduced by 15 % and 22 % when two and four files are scheduled, respectively. Serialized downloading yields less energy consumption due to lower total download time. The sum of the energy consumption of D and MH in WiFi tethering is higher than in 3G scenario, however the energy consumption of D decreases 48 % in WiFi tethering scenario, as expected.
VI. CONCLUSION
This paper presents power consumption and download duration measurements for downloading multiple files (20 MB each) with different scheduling on a smartphone via realistic settings. Based on the measurements, we show that scheduling of two or four downloads in series consumes less energy, less processing time and less per-file downloading time, as compared to the scenario when the same files are downloaded in parallel. Performing the downloads via WiFi tethering reduces the energy consumption, with the cost of waiting time for an available hot spot. The energy consumption of MH increases with the amount of download requests from the connected device, however MH can be connected to a power source. This way, it can provide Internet access to more smartphones, which are not connected to the power grid. We believe that WiFi tethering is a great facility, which needs to be managed and populated in a smart way in order to decrease the total energy consumption and to increase the utilization of cellular data link per smartphone. The results obtained are specific to 20 MB file size. We plan to conduct further measurements via WiFi tethering with a wide variety of smartphones, with varying file sizes, with various peak data rates to model the tradeoff between energy consumption and the waiting time.
